Abstract Recently, hydrogen fueling experiments with supersonic molecular beam injection (SMBI) system have been performed in the J-TEXT tokamak. To evaluate the effects of the injection amount of SMBI on plasma behaviors, moderate and intensive SMBs have been separately injected and compared with each other in Ohmic discharges. With moderate SMBs, electron density increases about twice as before, the size of magnetic island slightly decreases, and the edge toroidal rotation speed in a counter-current direction, measured by a high resolution spectrometer (Carbon V ion, 227.09 nm, r/a= 0.7-0.8), is accelerated from 8 km/s to 12 km/s. The state of higher electron density with moderate SMBI can be maintained for a long period, which indicates that plasma confinement is improved. However, with intensive SMBs, the accompanied magnetohydrodynamic (MHD) activities are triggered, and the electron density increases moderately. The edge toroidal velocity is decreased, in certain cases even reversed in the co-current direction. The statistical result of experimental data for moderate and intensive SMBs suggests a preferred fueling amount (less than 3.2×10
Introduction
Fuelling is very important for future tokamak operations. To obtain a higher density and better performance plasma, it is necessary and urgent to develop new fueling methods of deeper injection and higher fueling efficiency. Supersonic molecular beam injection (SMBI), as a new efficient fueling method, has been successively implemented on many tokamaks such as HL-1M, HL-2A, Tore-Supra, KSTAR, etc [1−8] . It is demonstrated that SMBI has several advantages as compared with conventional gas puffing (GP), such as a deeper penetration depth and a higher fueling efficiency. SMBI is also simpler and more economic than the fueling methods of pellet injection (PI). Recently, a SMBI system [9] has been installed in the J-TEXT tokamak, which can be used conveniently to fuel working gas (H 2 ) and impurities (such as He, Ne, Ar). In this paper, the effects of injected amount of SMBs on plasma behaviors are discussed. Two kinds of plasma behaviors responding to moderate and intensive SMBI respectively are compared with each other in hydrogen fueling experiments. The paper is organized as follows: an experimental setup of SMBI system and diagnostics are presented in section 2. Experimental results of plasma responses to moderate and intensive SMBs as well as the statistical result are elaborated in section 3.
Finally, a conclusion is given in section 4.
Experimental setup
J-TEXT [10] is a limiter tokamak with a major radius R =1.05 m and a minor radius r=0.265 m, operating in Ohmic discharges with the following parameters: toroidal magnetic field B t <2.3 T, line-averaged electron density, n e = (1 − 5)×10 19 m −3 and the maximum plasma current I p =220 kA with 400 ms pulse length. Fig. 1 shows the SMBI system. The oblique injection (HSMBI) and the vertical injection (LSMBI) are installed on two adjacent ports. The distances from the Laval nozzles of HSMBI and LSMBI to plasma edge are 0.8 m and 0.7 m, respectively. The angle between the injection line of HSMBI and tangential line of toroidal plasma is 65
o . At present, it is able to provide SMBs in a range of high pressure gas from 0.2 MPa to 2 MPa and with any number and width of pulses. For discharges described in this paper, normal hydrogen gas was fueled with LSMBI in a range of 0.3 MPa to 2 MPa and the pulse width was varied from 1 ms to 9 ms. The evaluated molecules number of SMBs based on formula (1) [9] was between 0.75×10 19 and 3.75×10 Here N is the number of injected molecules (10 19 ), P SMBI is the gas pressure (MPa) and T SMBI is the pulse duration (ms). Reliable diagnostics have been used for the fueling experiments. A 7-channel HCN laser interferometer was used to provide the line-averaged electron density, and the electron temperature was measured by an 8-channel electron cyclotron emission (ECE) radiometer. A multi-channel spectrometer system [11] based on the Doppler effect of passive characteristic lines coming from the light impurities ions (such as Carbon III: 464.7 nm, Carbon V: 227.09 nm) was used to measure edge plasma rotation. Some other diagnostics, including soft-X ray array, Mirnov coils, H α array and a CCD camera, were used to measure the plasma parameters and observe the injection process of SMBs. Two pictures in Fig. 2 show CCD camera recorded depositions of HSMBI and LSMBI. In order to study the effect of SMB amount alone, the discharge parameters before SMBI were fixed as following: the toroidal magnetic field of 2.1 T, the plasma current of 180 kA, and the line-averaged electron density of about 2.0 ×10 19 m −3 . control signal, center line-averaged density, ECE signal at r/a=0.14, soft-X ray emission, Mirnov signal and toroidal velocity of C V ion, respectively. The ECE original signal without absolute calibration indicates the change of electron temperature during SMBI. The location of C V ions is at r/a= 0.7-0.8 measured by an auxiliary device [11] . In this moderate SMBI, the parameters included the pressure of 0.5 MPa, the pulse width of 4 ms and corresponding particles number of about 2.6×10
19 . It is found that the electron density increased quickly with a large margin, and the electron temperature and soft-X ray emission decreased after SMBI. About 40 ms after injection, the density reached its peak value (3.85×10 19 m −3 ) which was almost twice as much as the pre-injection level (2.0×10 19 m −3 ). For moderate injection, the magnetic perturbation appeared to be slightly suppressed. In addition, the edge toroidal rotation was accelerated towards the counter-current direction from 8 km/s to 12 km/s after the injection. This effect on rotation velocity may be related with the increased density, as inferred in Ref. [11] . Finally, about 100 ms after injection, the plasma parameters tended to recover, with the electron density maintaining at 2.65×10
19 m −3 (a higher level than pre-SMBI) and toroidal velocity of C V 9 km/s. The cooling effect due to SMBI is illustrated in Fig. 4 , which shows the original ECE signals from core (r/a=0.14) to edge (r/a=0.72). It suggests that the electron temperature decreased rapidly during SMBI, with a typical time scale for cold pulse to propagate from edge to core, which was less than 3 ms. Fig.3 Time history of plasma parameters with moderate SMBI (red line) and w/o SMBI (blue line). From (a) to (f) are SMBI's control signal, center line-averaged density, core electron temperature (r/a=0.14), soft-X ray emission, Mirnov signal and toroidal velocity of C V ion, respectively. With moderate SMB, the electron density increased to almost twice the density before SMBI, the magnetic perturbation was slightly suppressed and the edge toroidal rotation was accelerated from 8 km/s to 12 km/s Fig.4 Time history of the original ECE signals without absolute calibration from core (r/a = 0.14) to edge (r/a = 0.72). The rapid decrease of all eight channels shows the cooling effect due to SMBI. Typical time scale for cold pulse to propagate from edge to core was less than 3 ms
Plasma response to intensive SMBI
Two discharges of plasma response to intensive SMBI are shown in Fig. 5 . In this case, SMBI parameters included the pressure of 0.5 MPa, the pulse width of 5 ms and corresponding particles number of about 3.2×10
19 , which was 23% more than that for moderate SMBI. Under this condition, the SMBI triggered some magnetohydrodynamic (MHD) activities. In shot 1029577 (blue line), the electron density increased to 3.09×10 19 m −3 only, less than the increment in the moderate case with suppressed magnetic perturbation. Twenty milliseconds later the density gradually decreased (2.2×10 19 m −3 ). Besides, the evolution of C V velocity differed significantly with that in the moderate case. It is shown that the plasma rotation didn't obviously change when the SMB was injected at t=0.3 s. About 40 ms after the injection, the velocity started to decrease from the previous value of 7 km/s (countercurrent direction) to almost zero. This was a completely opposite effect on edge rotation compared with the moderate SMBI. Parameters of another discharge 1029578 (red line) was similar except for different background toroidal velocity, which was close to zero before SMBI. It is shown that the edge rotation similarly changed towards co-current direction and even reversed with a speed of about 3 km/s. The electron density began to decrease after it peaked due to the trigger of the tearing mode. Fig. 6 shows the spectrum analysis of magnetic perturbation (Mirnov signal) for the above three discharges. Shot 1029575 was moderate case and shots 1029577/1029578 were intensive cases. The results show that all of these three discharges had a low-level background magnetic fluctuation with 8 kHz frequency. This may be a small island. When moderate SMBI was adopted, beyond a slight increase of intrinsic island frequency, other obvious magnetic perturbation wasn't triggered. While with intensive SMBI, it is clear that the tearing mode was triggered. The frequency could be different. It was about 4 kHz for shot 1029577 and about 1 kHz for 1029578. With a singular value decomposition (SVD) method, the mode could be identified as m=2, n=1 tearing mode (m is poloidal number and n is toroidal number). It can be inferred that, just because of the appearance of tearing mode, the radial particle transport was enhanced, thus leading to moderate increase of electron density. Fig.5 Time history of plasma parameters in response to intensive SMBI. Two discharges with different background toroidal velocities (blue line: 7 km/s, red line: ∼0 km/s) are compared. In these cases, the tearing mode were triggered by SMBI. Then the electron density increased moderately, the edge toroidal rotation decreased, or even reversed 
Statistical result
To verify the different plasma responses described above and to find a preferred fueling region of SMBI, various SMBs by adjusting the gas pressure and pulse width were injected during the experiments. Fig. 7 shows the statistical result under similar discharge parameters. On one hand, these discharges displayed similar results, i.e. different plasma behaviors responded to moderate and intensive SMBI. On the other hand, through this scan, fueling regions of moderate (red triangle) and intensive (blue quadrangle) SMBI were clearly classified. The dashed line represents a critical value of injected amount of 3.2×10
19 . If the injected molecules are below this value (namely moderate), the density can continuously increase with a large margin. The fueling effect due to SMBI sustains for a long period as well. While for intensive injection (above the critical amount), as tearing mode is usually triggered, the particle transport level is enhanced, thus leading to moderate and short-period density increase. The fueling effect due to SMBI is weakened in this case. By comparison, although fewer particles are fueled, the fueling performance of moderate SMBI is even better than that of intensive SMBI. And thus the moderate SMBI is a preferred region for efficient fueling experiments. Fig.7 The statistical result of moderate SMBI (red triangle) and intensive SMBI (blue quadrangle) at various gas pressures and pulse widths. The critical injected amount between moderate SMBI and intensive SMBI was about 3.2×10
19 , as shown with the dashed line
Conclusion
In this paper, experimental results of plasma behaviors in response to moderate and intensive SMBI have been studied and compared with each other. The principal results are summarized as follows. With moderate SMBs, the electron density increases to almost twice the density before SMBI, accompanying with a slightly decrease of magnetic island scale. However, with intensive SMBs, the tearing mode is usually triggered and the electron density increases moderately. It is also found that the effects of moderate and intensive SMBs on the edge toroidal rotation are opposite to each other. Comparisons were carried out for discharges with different SMBI at various gas pressures and pulse widths. These results indicate that the moderate SMBI has better fueling performance than intensive SMBI. The statistical result of moderate and intensive SMBs suggests a preferred amount for efficient SMBI fueling, which is less than 3.2×10
19 in the present experiment.
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